Abstract A submesoscale coherent vortex (SCV) with a low oxygen core is characterized from underwater glider and mooring observations from the eastern tropical North Atlantic, north of the Cape Verde Islands. The eddy crossed the mooring with its center and a 1 month time series of the SCV's hydrographic and upper 100 m currents structure was obtained. About 45 days after, and 100 km west, the SCV frontal zone was surveyed in high temporal and spatial resolution using an underwater glider. Satellite altimetry showed the SCV was formed about 7 months before at the Mauritanian coast. The SCV was located at 80-100 m depth, its diameter was 100 km and its maximum swirl velocity 0.4 m s 21 . A Burger number of 0.2 and a vortex Rossby number 0.15 indicate a flat lens in geostrophic balance. Mooring and glider data show in general comparable dynamical and thermohaline structures, the glider in high spatial resolution, the mooring in high temporal resolution. Surface maps of chlorophyll concentration suggest high productivity inside and around the SCV. The low potential vorticity (PV) core of the SCV is surrounded by filamentary structures, sloping down at different angles from the mixed layer base and with typical width of 10-20 km and a vertical extent of 50-100 m.
Introduction
Submesoscale coherent vortices (SCV) are isolated, long-lived baroclinic eddies, typically having spatial scales smaller than mesoscale eddies. They are usually anticyclonically rotating, show a stratification, and thus potential vorticity (PV), minimum in the center, and show a subsurface velocity maximum (McWilliams, 1985 (McWilliams, , 2016 . SCVs in the thermocline are also called intra-thermocline eddies or Anticyclonic Modewater eddies. SCVs are very efficient in transporting heat, salt, and biogeochemical properties in the upper ocean (Chaigneau et al., 2011; Chelton et al., 2011; Sch€ utte et al., 2016a; Zhang et al., 2013) .
Our understanding of the full 3-D structure of mesoscale eddies in general is still rather limited and confined mostly to modeling studies. In situ observations of sufficient horizontal and vertical resolution are sparse and satellite data only gives information on their surface manifestation. Recent studies have highlighted the important impact submesoscale structures (O(1-10 km)) that develop in the vicinity of eddies can have on the shape and dynamics of such mesoscale vortices (e.g., Godø et al., 2012; Klein & Lapeyre, 2009; McWilliams, 2016; Meunier et al., 2015; Karstensen et al., 2017) . On the outskirt of eddies elongated filaments in the vertical plane have been observed with a height in the order of some tens of meters and horizontal scales of about 1-10 km (Karstensen et al., 2017; Ledwell et al., 1993) and crossing isopycnals. Such filaments have been associated with submesoscale circulations which ultimately may contribute to the decay of the mesoscale structures (Armi et al., 1988) or may transfer energy to the mesoscale flows (Molemaker et al., 2015) .
The SCVs contain in their PV minimum rather homogeneous water with low stability and show a depression of the pycnocline underneath the weakly stratified core (as anticyclonic eddies show) and a shoaling of the pycnocline above it (as cyclonic eddies show) (d 'Asaro, 1988; McWilliams, 1985) . When considering satellite altimeter data only, SCVs often cannot be distinguished from other anticyclonically rotating (positive sea level anomaly) eddies. As such global and regional statistical analysis of eddies do not specifically disclose them (e.g., Chaigneau et al., 2011; Chelton et al., 2011a; Zhang et al., 2013) . For the eastern tropical North Atlantic SCVs have been found to play an important role in the redistribution of properties from the eastern boundary upwelling region into the open ocean (Sch€ utte et al., 2016a). Based on a combination of in situ profile and satellite data, Sch€ utte et al. (2016a) could show that SCVs in the eastern tropical North Atlantic are exceptional as they are characterized by a cold SST, in contrast to normal anticyclones that show warm SST anomalies (e.g., Joyce et al., 2013) . This observation enabled a statistical assessment of occurrences and characteristics of SCVs for the region. Although only 10% of all eddies where SCVs they contributed about the same amount of heat and salt transport from the coast into the open ocean as the cyclonic eddies which where 50% of all eddies detected. Recently a global analysis of sea level anomaly in combination with Argo data searched specifically SCVs and found them in all oceanic areas but given the inhomogeneity of the Argo data in space and time a statistical assessment of SCVs occurrence was not possible (Zhang et al., 2017) .
SCVs with a low PV core at shallow depth, close to the euphotic zone, have been found very productive even in generally low-productivity areas, such as the subtropical North Atlantic (Karstensen et al., 2015; McGillicuddy et al., 2007) . High productivity was also linked to unexpected low oxygen concentrations and the creation of open ocean ''dead-zones'' (Karstensen et al., 2015) . The high productivity has been accounted to an enhanced vertical flux of nutrient-rich deep water into the sunlit upper ocean and associated with the dynamics of SCVs. McGillicuddy et al. (2007) , based on idealized studies (Dewar & Flierl, 1987) , proposed a local upwelling mechanism across anticyclonic eddies that is driven from an Ekman transport divergence due to the meridional difference in wind stress across the vortex. Karstensen et al. (2017) proposed a local upwelling scheme based on submesoscale dynamics related to the propagation of nearinertial internal waves (NIW) at the outskirt of the SCV that create an erosion of the low PV core. In Gulf Stream rings, which are normal anticyclonic eddies, intense mixing have been reported inside the ring and associated with the downward propagation and breaking of possibly trapped NIWs (e.g., Kunze et al., 1995) .
The formation of SCVs from poleward undercurrent in eastern boundary regions is well documented (e.g., Armi & Zenk, 1984; Colas et al., 2012; Garfield et al., 1999; Pingree & Le Cann, 1992) . They have been shown to originate from regions of intense instability where the current separates from the continental slope (Molemaker et al., 2015) . The SCVs propagate westward but maintain relatively constant core properties, indicating weak impact of lateral mixing with surrounding water (Armi et al., 1988; Fukumori, 1992; Joyce & McDougall, 1992; Karstensen et al., 2017) . Because observations of SCVs in the open ocean are sparse, little information exists about the temporal evolution and final erosion of those eddies. Here we describe one particular well-surveyed low oxygen SCV observed in early 2010 with a mooring and a glider several month after its formation off the coast of Mauritania. After a short introduction into the observational data a dynamical characterization of the eddy will be done. By merging the data sets from the mooring and the glider the mesoscale and submesoscale variability is described in section 3. In section 4, we discuss the dynamics associated with the SCV and in section 5 concluding remarks are given.
Data and Methods

Mooring
The Cape Verde Ocean Observatory (CVOO) mooring is located at about 17836.4 0 N and 24814.98 0 W in 3600 m deep water in the eastern North Atlantic Ocean (black star in Figure 1 ). The mooring location is approximately 60 km northeast of the Cape Verde island Sao Vicente. We report here on data that was recorded during the mooring deployment period from October 2009 to May 2011 (KPO_1041). In total, 17 MicroCat CTD sensors were installed and sampled every 30 min, with eight of them in the upper 300 m. In the upper 60 m, the CTD sensors were spaced by 10-15 m. A 300 kHz upward looking Acoustic Doppler Current Profiler (ADCP) was installed at 107 m depth and resolved in 4 m depth cells the upper layer flow field with 1 h temporal resolution. Two Aanderaa oxygen optodes (Type 3830), installed at 42 and 170 m depth, recorded oxygen relevant parameters (phase, temperature) every 2 h.
Typically the currents are sluggish in the region and as such the mooring stood upright and instruments moved only a few meters in the vertical. However, during the strong flow event associated with the SCV's passage, the upper instruments were pushed downward as much as 150 m. Not all instruments were equipped with pressure sensors but pressure (and thus depth) information was needed. Therefore, a pressure matrix was created for all instruments, which was inferred from the observed pressure variability (some instruments) and extrapolated for the instruments without a pressure sensor through linear interpolation. After allocating a pressure value to all instruments the salinity was calculated from the conductivity (where available). The general MicroCat CTDs quality was assessed against calibrated shipboard CTD during the deployment and the recovery cruises. To do so, the MicroCats were mounted to the CTD rosette and at depth with low vertical salinity and temperature gradients the CTD was stopped for several minutes and the data later compared. For the purpose of this analysis the temperature, salinity, and velocity data from the mooring were filtered with a 24 h running average in order to remove tides and perturbations with short time scale.
Satellite Data
Sea level anomaly (SLA) maps were used to detect and track the eddy before and after it passed the CVOO mooring near the Cape Verde Islands. The SLA fields were provided by AVISO (Archiving, Validation, and Interpretation of Satellite Oceanographic http://www.aviso.oceanobs.com/). The data used is a weekly merged multisatellite product projected on a grid with a 1/38 horizontal resolution.
The wind fields are obtained from the Centre de Recherche et d'Exploitation Satellitaire (CERSAT), at IFREMER, Plouzan e (France). They are gridded products from Metop/ASCAT scatterometer retrievals and produced over global ocean with a spatial resolution of 0.258 and a daily temporal resolution (Bentamy & Croize-Fillon, 2011 ).
The Chlorophyll surface concentration was provided by ACRI-ST-GlobColour. It consists in a daily product merged from SeaWIFS, MERIS, and MODIS with a 4 km horizontal resolution. The maps were averaged over three days to best represent the chlorophyll concentration spatial patterns despite the missing data due to cloud coverage (see Figure 1 ).
Glider
We will make use of the data from an autonomous electric underwater SLOCUM Web Research G1 glider (Ifm11). The glider was deployed on 12 March 2010, as part of a local survey (in collaboration with five other gliders) around the CVOO mooring. The Ifm11 glider was equipped with an unpumped SeaBird CTD, an oxygen optode 3830 (similar to the instruments deployed at the CVOO mooring) and a Wetlabs optical fluorometer/turbidity sensor (ECO-PUCK). The glider sampled sea-saw shape slanted profiles with an approximate 1:1 distance/depth ratio of 500 m/500 m. Starting with different depth at the beginning of the mission (data not used here), from 16 March to the end of its deployment the glider dived to 500 m depth. The conductivity was corrected as outlined in Garau et al. (2011) before salinity was derived. The optode was calibrated by mounting it on a CTD rosette and comparing the Winkler calibrated Clarke Sensors (SBE43) with the optode records (see Hahn et al., 2014) . The fluorometer/turbidity data were not calibrated for our purpose. The glider was deployed south of the island Sao Vicente from a local fishing boat. To reach the CVOO mooring, Ifm11 (as the other gliders) was navigated first upwind (west) of Santo Antao island followed by a Northeast course (Figure 1 ). During the Northeast course, the glider recorded on 16 March 2010 suddenly very low oxygen at about 60 m depth and significantly slowed down in forward speed. The lowest oxygen records were less than 10 mmol kg 21 and much lower than previously reported lowest oxygen concentrations for the region (40 mmol kg 21 ; Stramma et al., 2008) . The anomalous oxygen signal was surveyed until 22 March 2010. However, the glider then continued for its core mission around the CVOO mooring. After recovery of the mooring in May 2011, it became clear that the glider sampled a low oxygen SCV that was also sampled with the CVOO mooring about a month before the glider survey (Karstensen et al., 2015) .
Geostrophic velocities perpendicular to the glider tracks were calculated by applying a 40 km Gaussian window (80 h at the glider speed) to the density data to remove high-frequency variability and then using the thermal wind balance with the depth-averaged velocity as obtained by the dead reckoning of the glider as a reference (Pietri et al., 2013 (Pietri et al., , 2014 Todd et al., 2009). 3. Structure of the SCV 3.1. Surface Manifestation Anticyclonic SCVs generate a positive sea level anomaly on altimetry maps that can be identified and tracked in order to derive a propagation speed. The SLA reveals an anomaly of about 110 cm in February/ March 2010 at the CVOO mooring site. This positive SLA anomaly goes along with a region of enhanced chlorophyll-a concentration ( Figure 1 ). On 10-12 February, a region of relatively high chlorophyll concentration can be observed close to the eddy center ( Figure 1a) . It unfolds into a filament-like shape in the center and around the eddy. A month later ( Figure 1b ) patches of relatively high chlorophyll concentration can still be observed in the eddy region (now about 100 km further west). High productivity in mode water eddies has been previously observed and related to upwelling of nutrient-rich water within the eddy (e.g., Ledwell et al., 2008; Karstensen et al., 2017; McGillicuddy et al., 2007) . In the mooring records, the passage of the SCV is easily identified from the ADCP velocity data (Figure 2b ). The meridional flow reverses sign, from Northward to Southward velocities, which is typical for an anticyclonic eddy traveling westward. Creating a polar coordinate plot of the observed eastward versus northward velocity time series averaged between 40 and 100 m depth and color coding salinity to it (hodograph, Figure 3 ) reveals the specific hydrographic structure, namely low salinity in the eddy core. An eddy moving past a mooring will produce different features on the hodograph depending on how close the mooring was from the center (Lilly & Rhines, 2002) : the closer the observations (mooring) where taken to the center of the 
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eddy the more the hodograph unfolds into a straight line. In our case, within the salinity anomaly, the hodograph tends to be a straight line, which indicates that the core of the eddy has crossed the mooring.
It is possible to estimate the SCV drift speed from knowledge about the two-dimensional velocity structure of the eddy (Lilly & Rhines, 2002) . Assuming the eddy drift does not vary with depth, the observed speed can be separated into an azimuthal speed and a translation speed, which are perpendicular to each other on a cross section passing through the eddy center along the propagation direction. The eddy drift speed (U d ) and direction can be estimated from the velocity field observed at the mooring location. The edges of the eddy core are defined by the local maxima in velocity. Those maxima, V 1max at time t 1 and V 2max at time t 2 allow to identify Dt 5 t 2 2 t 1 , the time period during which the eddy is passing by the mooring site. The eddy translation direction is then perpendicular to the vector difference V 2max 2 V 1max (Fan et al., 2013; Lilly & Rhines, 2002) and its velocity can be observed at the time where the azimuthal velocity is null.
Using the moored ADCP data averaged between 40 and 100 m depth, where the maximum velocity is observed, V 1max and V 2max have been located and the direction of propagation identified as Northwest. To infer the translation speed, the velocity recorded by the ADCP in the direction of propagation was filtered with a 90 days wide Hanning window (3 times the duration of the eddy), averaged between 40 and 100 m depth and over the core of the eddy (Lilly et al., 2003) . The obtained speed is 4.6 km d 21 which is very close to the drift velocity estimated from the altimetry data, thus adding confidence in the value. Note that the estimated eddy size will tend to appear smaller if the SCV center did not exactly crossed the mooring. In the rest of the paper, we will refer to the azimuthal velocity, that is to say the velocity perpendicular to the direction of propagation.
During the passing of the eddy, surface winds were blowing in the Southwest direction with an averaged speed of 5 m s 21 . From 20 January to 12 March, the wind intensity varies with a period of about 13 days and several relatively high wind episodes were observed on 24 January, 4 February, 23 February, and 7 March ranging from 8.5 to 10.8 m s 21 (Figure 2a ).
Vertical Structure
Once the propagation speed is known, the spatial structure of the eddy and its radius can be estimated. The temperature, salinity, and density fields recorded by the moored instruments ( Figures 2c and 2d) show the SCV as a cold and fresh lens of water. The eddy's radius is 50 km and it has a large vertical extent with density anomalies visible up to 1,500 m depth (not shown here). The eddy passage goes along with the rising of the mixed layer base from 50 m depth to 20 m depth ( Figure 2 ). The eddy core, from mixed layer base to about 200 m depth, is characterized by weak stratification (low PV) as typical for SCVs.
Direct information about the velocity structure of the water column from surface to 100 m depth is obtained from the ADCP data. The circulation below 100 m is calculated from the thermal wind balance applied to the observed density field, filtered with a 40 km running mean, and referenced to the observed ADCP current at 95 m ( Figure 2b ). The current during the passing of the eddy is characteristic of a SCV, with a general anticyclonic spin and a maximum velocity located in the subsurface. Here maximum velocities of 0.4 m s 21 on both side of the eddy are located at 80 m depth and 50 km from the eddy center. The maximum swirl velocity marks the depth where isopycnal surfaces are domed upward, while below they slope downward as expected for a SCV. A full rotation thus takes about 13 days to be completed at the velocity maximum, which means the eddy did two full rotations while passing by the mooring site ( Figure 2 ).
The water mass inside the eddy low PV core has a narrow temperature range of 168C and salinity of 35.6 ( Figure 4 ). This water mass indicates South Atlantic Central Water (SACW) origin, typically found at the Mauritanian shelf, and is very distinct from the warmer and more saline North Atlantic Central Water (NACW) character in the surrounding water (Karstensen et al., 2015; Sch€ utte et al., 2016b) . Another striking difference between the water in the center of the eddy and the surrounding water is the oxygen concentration. The two optodes located at 40 and 170 m depth recorded a large drop in dissolved oxygen concentration during the eddy passage, with concentration close to zero at the upper sensor (Karstensen et al., 2015) .
Outside of the low PV core different transition zones are observed. A frontal region outward from the maximum velocity shows strong horizontal gradients in salinity and temperature. Thermohaline structures with a horizontal scale of (O 10 km) and a vertical extension of up to 300 m can be observed framing the core of the SCV in the transition zone (Figures 2c and 2d) . In particular the salinity field exhibits elongated structures at 260 and 275 km and between 100 and 300 m depth (Figure 2c ).
Characteristics of the Flow
To describe the dynamics of the eddy, a set of nondimensional characteristic numbers has been estimated. First, the Burger number expresses the relative importance of stratification and rotation to the flow field:
where N 2 5 2g/q 0 @ z q is the Brunt-V€ ais€ al€ a or buoyancy frequency. The Coriolis parameter, f 5 4.4 3 10 25 s
21
, is kept constant in all calculations. The horizontal length scale of the eddy corresponds to its diameter (L 5 100 km) and the vertical scale is defined as the thickness of its core (H 5 400 m) (D 'Asaro et al., 1994; Hebert et al., 1990) . The value of the Burger number is then Bu 0.2, which indicates a flat lens (note that the Bu is even smaller if only the low PV core thickness is used for the calculations). This number is comprised within the stability bounds for SCVs defined by McWilliams (1985) as 0.05 < Bu < 1.
The internal deformation radius (Rd 5 NH/f) is 45 km, a value very close to the eddy radius. This differs from McWilliams's (1985) definition of SCVs as features smaller than the first baroclinic radius of deformation but is not inconsistent with previous observations of SCVs. In fact occurrences of SCVs with deformation radius similar or larger to the local eddy radius have been reported in several regions (e.g., Bosse et al., 2015; Hormazabal et al., 2013; Pelland et al., 2013) .
The vortex Rossby number (vRo 5 V max /(R max * f)) assesses the ratio of the centrifugal force to the Coriolis force. The eddy vRo is 0.15 which indicates that the centrifugal force is small compared to the planetary vorticity and the eddy circulation is close to the geostrophic balance. Although the Burger and vortex Rossby number suggest the eddy is stable and in geostrophic balance, the dynamics of the flow is very variable along the eddy radius. In fact, the Rossby number, Ro 5 f/f in the center of the eddy can reach up to 0.3 (Figure 5a ).
The Richardson number (Ri) is a measure of the baroclinicity of the vortex. It is expressed as the ratio of the vertical shear of buoyancy over the vertical shear of horizontal velocity:
where b 5 2g/q 0 * q is the buoyancy. A low Ri indicates susceptibility to baroclinic instability, in particular, submesoscale turbulence can arise in regions of O(1) Ri. Mooring data show very few regions of O(1) 
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Ri (Figure 5b ), and they are all located in the mixed layer. Regions of O(10) Ri can be found in the eddy core at 50 m depth and on the periphery, more particularly on the western side, from the mixed layer base to 70 m depth. Karstensen et al. (2017) showed from high-resolution ship hydrography and ADCP data that indeed critical Ri are found around the low PV core and created in NIW velocity shear regions.
A measure for the coherence of eddies, and often linked to the isolation of the water masses, is the nonlinearity expressed as the ratio of the translation speed to the rotational speed (Chaigneau et al., 2011; Flierl, 1981) . Ratios exceeding 1 indicate nonlinearity and the SCV reported here has values of more than 7 times faster rotational speed along the eddy rim than the drift velocity indicating that the eddy kept a coherent structure along its path.
Note that the term SCV can be misleading when referring to a vortex close to geostrophic balance, with a radius of a few tens of kilometers, it is however widely used to describe interior anticyclones and the characteristics of this eddy compare well with previous descriptions of SCVs that followed McWilliams's (1985) first characterization. Indeed this long-lived anticyclone with dome-shaped isopycnals in its upper part and bowl-shaped in its lower part shows a middepth velocity maximum, a core of rather homogeneous water with minimum vertical stratification, strong central negative vorticity, and a Burger number within the bounds of stability for SCVs.
Fine Scale Structure on the Rim
In order to evaluate the small-scale variability at the transition between the eddy and the surrounding waters we use the high-resolution glider data for further diagnostics. The glider was directed toward the eddy center but it was pushed back out of it by the strong velocity and thus only sampled the outer part. However, the high resolution of the glider data as well as the many parameters recorded give valuable insights on the vertical structure on the boundary of this SCV.
Combination of the Data Sets
The distances from the eddy center are chosen as a common coordinate to compare and eventually merge the mooring and glider data as both types of observations suffer from a mix of temporal and spatial variability. At the depth of the velocity maximum a full rotation of the eddy took about 13 days to complete and thus the mooring records sampled at least two full rotations. The glider survey took place about 45 days after the mooring survey and the glider spent about 7 days in the vicinity of the eddy, as such it covered about half of the eddy periphery.
In order to position the glider dives relative to the eddy center the relative movement of the SCV during the glider survey was required. This was estimated by relocating each profile by a distance U d Dt, with Dt the time elapsed from the first dive, in the opposite direction of propagation of the eddy. Using this corrected location, we identified the eddy center as the position where the lines perpendicular to the depthaverage currents direction meet, in a similar manner as Pelland et al. (2013) and Bosse et al. (2015) . Several velocity measurements, within a window of 24 h and 10 km, were selected to identify the most accurate position for the eddy center. This method allowed us to position the center 50 km away from the closest glider profile. The so obtained glider positions were then projected on two straight lines that best fitted the glider path and correspond to the two crossing of the eddy periphery (one toward the eddy and the second out of it, Figure 6 ).
A comparison of the thermohaline structure of the observational records from the mooring and the glider was performed. We searched for each glider T/S profile that correlated with the CVOO mooring data. To suppress short-term variability glider and mooring data were low pass filtered over a distance of 5 km (for mooring: equivalent to 1 day). This method showed that the glider profiles most similar to the eddy central water mass were the most northern ones, recorded on 19 March. Those profiles showed the highest correlation with the mooring profiles located 50 km from the eddy center (with a correlation coefficient higher than 0.9). This result is consistent with the position of the eddy center identified from the glider depthaveraged velocity and indicates that in 45 days the eddy did not substantially change in its dynamical and thermohaline characteristics.
To validate the derived glider track relative to the eddy center and the corresponding mooring observations, we performed a consistency check of certain data records. The depth-averaged velocity from dead reckoning of the glider was compared with the depth-averaged velocity from the combination of ADCP and Journal of Geophysical Research: Oceans 10.1002/2017JC013177 geostrophy considering the respective dive depth. Figure 7a shows the norm of the mooring velocity data averaged from 0 to 500 m for both sides of the eddy and the norm of the depth-averaged velocity recorded by the glider for dives 500 m deep. The agreement suggest that, despite the fact the mooring data provides primarily the temporal evolution of the field, while the glider provides a mix of temporal and spatial variability, the inherent symmetry of the eddy does indeed permit to compare the datasets from the two different observing platforms (glider, mooring). The oxygen data, recorded at nominal 42 and 170 m depth at the mooring site during the passage of the eddy, was also compared with the glider oxygen concentrations at the same depths (Figures 7b and 7c) . Again, both data sets show strong similarity with differences than can be linked with small-scale variability and with the vertical displacement of the oxygen sensor on the mooring array. As independent measurements all display significant similarity between the two platforms, the distance from the eddy center is considered a good approximation for a common coordinate.
Submesoscale Variability
The transition zone located between the isolated eddy center and the water mass outside is characterized in the mooring data by strong horizontal gradients and indication of frontal structures (see section 3.2). The glider data allows an observation of this region at a much higher vertical resolution. The salinity (Figures 6a and 6b ) and oxygen (Figures 6c and 6d ) fields both present low-aspect-ratio structures that seem to originate from the mixed layer base and slope downward at different angles and crossing isopycnals toward the rotational center of the eddy, below the low PV core and reaching depths of at least 300 m. Salty and oxygenated intrusions are observed outside of the region of maximum velocity, framing the fresh (35.5-35.8 PSU) and oxygen depleted (glider data show 20-50 lmol kg 21 ) core of the SCV. The Chlorophyll-a fluorescence field (Figures 6e and 6f) shows high concentrations at the base of the mixed layer and a rapid decrease below. On the upper layer (0-20 m depth), several regions of apparent low chlorophyll are visible and can actually be related to daytime fluorescence quenching (Sackmann et al., 2008) . Below the mixed layer, the fluorescence field does not show the same patterns as the salinity and oxygen concentration. There is however relatively high surface fluorescence on 18 March that may be related to the high chlorophyll concentration that was visible with a patchy pattern on the satellite image (Figure 1b) .
From the CVOO mooring instrument records that covers the whole eddy, we have identified two typical T/S profiles for the water mass trapped inside the eddy (T i , S i ) and for the surrounding water (T o , S o , Figure 4 ). Using the envelope curves along isopycnals, the glider T/S pairs were converted to water mass ratios D WM . We use the definition
A value close to 0 indicates the presence of SACW (eddy core) while 1 means a water mass more similar to NACW (surrounding waters). Figure 8 presents these ratios along the glider trajectory. Note that in the surface layer, it is not possible to differentiate the inside and outside of the SCV. At about 50-60 km from the eddy center, and between 50 and 200 m depth a region very similar to the homogeneous water mass observed for the core of the eddy from the mooring data can be found. The similarity of the T/S data 
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recorded at the mooring site and along the glider path 100 km away and more than a month later further highlights the consistency of the water mass inside the eddy. The merging however reveals a much richer T/S structure of the eddy rim, especially over the vertical, when compared with the mooring data recorded at distinct depth. From 60 to 100 km from the center, as observed on the salinity and oxygen field, elongated structures slope downward toward the eddy center reaching depths of at least 300 m (Figure 8 ). This layering indicates water mass interleaving and eventually lateral mixing (Joyce, 1977) . In general, the glider data reveals a transition zone with a rich vertical variability surrounding the eddy while samples in the core show a very coherent and isolated structure.
The rich network of observations (satellite, mooring, glider) allows to give a multidimensionnal image of this SCVs at midlife when few observation of SCVs in the open ocean exist. Several months after its formation and before its final decay, the structure is still coherent with a low stratified core, distinct interior water mass, and oxygen concentration. Observation of filamentary structures on the outside provides valuable information on the still unresolved issue of the long-range lateral transport by SCVs in the ocean.
Discussion
In the past few years, a number of studies investigated the importance of submesoscale variability organized around mesoscale eddies (e.g., Brannigan, 2016; Klein & Lapeyre, 2009; Mahadevan & Archer, 2000) . In particular, the presence of fine scale layered structures on the rim can impact the exchange between eddy center and surrounding water. Layering in the periphery of eddies has been observed regularly (Armi & Zenk, 1984; Pingree & Le Cann, 1993; Ruddick, 1992; Ruddick & Hebert, 1988; Ruddick & Walsh, 1994) but the processes responsible for such structures are still not clearly identified. They can be the result of internal waves breaking (Alford et al., 2016) , of frontogenetic processes (Martin & Richards, 2001) or originate from meso (Smith & Ferrari, 2009) or submesoscale stirring (Shcherbina et al., 2015) of contrasted water masses. A potential role of this interleaving of water masses, as pointed out by Armi et al. (1988) , is also the decay of eddies as the intrusions reach the eddy center.
The observed SCV has a low stratified core that seem to have stayed well isolated for months, with T/S characteristics very similar to the SACW found in the eastern boundary upwelling region (Sch€ utte et al., 2016b) . It exhibits very low oxygen in its core, high productivity at the surface and fine scale thermohaline interleaving on the periphery. It is still unclear what processes allow SCVs to stay isolated for such long periods of time or what brings their decay forward. Although the network of observation available does not allow to discriminate precisely what process drives the small-scale thermohaline intrusions on the rim we will present in this section a series of dynamical diagnostics that give a fuller picture of the eddy dynamics.
Secondary Ageostrophic Circulations
Fine scale thermohaline intrusions on the outskirt of eddies can be driven by frontal vertical circulations. Indeed eddies are similar to a circular density front and prone to generate horizontal and vertical gradients of the velocity and buoyancy fields that can lead to frontogenetic vertical circulations (Martin & Richards, 2001) . Samuelsen et al. (2012) , using numerical experiments, have shown that in an anticylonic eddy particles tend to aggregate along the rim where then can undergo vertical displacement of up to 200 m depth both upward and downward. Such upwelling and downwelling can be related to upper layer divergence and convergence in the eddy (Zhang et al., 2015) . 
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Brannigan (2016) also proposed symmetric instability as a process that could drive fluxes of properties between the mixed layer and the thermocline of mesoscale eddies. Indeed symmetric instability could emerge on the side of the eddy where the surface wind aligns with the direction of the flow (which would correspond to a ''down-front wind'' situation as described in Thomas, 2005) and generate vertical cells that would be advected by the anticyclonic circulation. Using a limiting nutrient model experiment Brannigan (2016) showed that such process could explain the radial distribution of chlorophyll concentration and its variation with time creating similar patterns as observed on satellite chlorophyll images. However, the hydrographic observations do not support the outcrop of isopycnals across the eddy which is an important boundary condition for the model proposed by Brannigan (2016) .
Susceptibility to submesoscale instability can be highlighted by the distribution of potential vorticity (PV). Ageostrophic submesoscale circulations destabilize the flow and consequently create significant gradients in the PV field making it a good indicator for the presence of such instabilities. In general it has been shown that regions where the PV is close to zero or undergo a change of sign tend to present enhanced submesoscale secondary circulations (Mahadevan & Tandon, 2006; Thomas et al., 2008; Yoshikawa et al., 2001) . Considering that the radial flow, u, is constant in the vertical, the potential vorticity in cylindrical polar coordinates is expressed as:
where r is the distance from the eddy center. Low values of q are observed in the mixed layer of the eddy with a strong increase below, across the mixed layer base (Figure 9a ). The isolated core of the SCV, below 75 m depth, is characterized by low PV values. A weak stratification, and thus small N 2 values, also generates low and even negative PV regions at 40 m depth in the eddy center and on the left side from 2120 to 280 km. Note that, in the high PV region across the mixed layer base several small-scale intrusions of negative PV are observed. Those low PV intrusions are 2-5 km wide with a vertical extent of 10 to 20 m and driven by relatively strong @v @z @b @r values. They tend to indicate possible secondary vertical circulations across the mixed layer base. Note that they are located in a region where the wind is the opposite direction of the circular flow but could nevertheless be the remnants of former instabilities advected around the eddy.
To give more insights on the dynamics on the rim and confirm the presence of negative-PV regions with a higher resolution data set, the geostrophic PV was calculated along the glider track (Figures 10a and  10b) . It also shows localized regions of negative PV across the mixed layer base, resulting from relatively high @v @z @b @r values, at 75 km from the center on the first leg (Figure 10a ) and 52 and 60 km from the center on the second leg (Figure 10b) . Note that the low PV region located in the mixed layer on the first leg, around 60 km from the center, results from low stratification.
The relatively high values of PV and Ri (Figures 10a-10d) suggest that the eddy is overall symmetrically stable in the pycnocline. Although those processes are probably to account for in the upwelling of nutrients into the mixed layer they cannot explain the observed layering of the salinity and oxygen fields. However, it is interesting to note that the layering observed on the glider salinity and oxygen data Figure 8 . Similarity of the glider T/S data to the water mass inside the eddy (section 3.4.2, a value of 0 means the T/S properties over an isopycnal are similar to the water mass trapped inside the eddy and a value of 1 a similarity to the surrounding water) for the two glider crossings from 16 to 22 March 2010 (the day of March and the time are indicated on top of the sections). Whites lines represent isopycnals and the black thick line the depth of the mixed layer. Note that the vertical scale is not linear and highlights the 0-100 m part. seem to originate from a region of high PV and reach toward the low PV core of the eddy, possibly indicating the future decay of the eddy through the removal of the anomalously low PV in the core.
Mesoscale Stirring
Several studies recently focused on the presence of layering outside of Mediterranean water eddies (Meddies), which are SCVs but at depth below 1,000 m. In particular, Meunier et al. (2015) investigated the role of stirring by the mean flow as a process that could generate sharp tracer gradients at the periphery of Meddies. They showed from a numerical simulation that a vertically sheared azimuthal flow can create density compensated filamentation in temperature and salinity on the side of a baroclinic eddy, e.g., a Meddie. This happens through differential advection that drives a direct cascade of vertical variance from large to small scales (Haynes & Anglade, 1997; Klein et al., 2008) . The localization of this layering is preferentially in the immediate vicinity of critical layers of baroclinic instability where diffusion and dissipation is increased (Hua et al., 2013) . Such layers are characterized by extrema of PV (Nguyen et al., 2012) .
The fine scale structures in salinity and temperature that are few tens of meters thick and tilted toward the eddy rotational center underneath the low PV core are observed in the glider property data but not reproduced in the glider density field (Figures 6a and 6b) . The vertically sheared vortex circulation characteristic of this SCV, along with the contrasted water masses observed inside and outside of the eddy, are conditions that can lead to the creation of fine scale density compensated structures (Klein et al., 1998; Smith & Ferrari, 2009 ). Spiciness S (Munk, 1981; Veronis, 1972) , as a passive tracer, can show the presence of such formations. It is defined as S 5 aT 0 1 bS 0 , where a is the thermal expansion coefficient, b the saline contraction coefficient and the primes indicate deviation from the mean. Strong variability in spiciness not associated with variability in density is an indicator of density compensating effects. The glider spiciness field exhibits vertical small-scale variability between 100 and 400 m depth (Figure 11 ). Vertical profiles of spiciness and density anomalies show important differences (Figure 11c ) that highlight the much stronger variability of the former compare to the latter. This suggests that tracer stirring may be an important process in the region. The presence of sharp PV jumps in the mixed layer (Figures 9a, 10a , and 10b), linked with horizontal variability of the current field, also suggest that critical-level of instability could play a role in the location of the layering around the eddy (Hua et al., 2013; Nguyen et al., 2012) .
Geostrophic eddy stirring generates filaments with an aspect ratio proportional to f/N (Smith & Ferrari, 2009) . Though a substantial scatter is expected around this value. The observed intrusions have length scales of about 10-20 km with vertical extension of 10-50 m and yield a ratio of vertical to horizontal scales ranging from 5 3 10 24 to 5 3 10 23 . Note that because of the 2-D nature of the data set, the horizontal extension of those features is probably underestimated. The squared root of the averaged Brunt-V€ ais€ al€ a frequency ranges from 17 3 10 23 in the mixed layer to 4 3 10 23 in the interior making f/N comprised between 2.5 3 10 23 and 1 3 10 22 . Although both intervals have some overlap, the intrusions appear to have aspect ratio smaller than f/N suggesting other mechanisms could also be at work around the eddy.
Diapycnal Mixing
Mixing processes can halt the variance cascade at small scale and play a crucial role in shaping the intrusions. It is possible that the observed thermohaline variability results from the combined action of lateral stirring, submesoscale instabilities and vertical mixing at small scales (Song et al., 2011) . Two processes have been shown to dissipate tracer variance and favor diapycnal fluxes: turbulent mixing and doublediffusive convective mixing. In this section we will investigate the action of double-diffusion and NIW breaking on the periphery of the eddy. Double-diffusive processes act at the molecular level and the tracer variance inversely cascades up to the submesoscales. It can lead to the creation of fine scale interleaving features such as the ones observed along the glider section or enhance already existing vertical T/S gradients. The Turner angle (Tu; Ruddick, 1983) ,
indicates susceptibility of the flow to double diffusion through salt fingering or diffusive convection. Tu was calculated at the mooring site and along the glider tracks (Figures 9b, 10e, and 10f ). Both data sets show that the flow is prone to diffusive convection (Tu < 2458) and salt fingering (Tu > 458) in the mixed layer while generally stable below with a few exceptions. Two regions above and below the upper low PV core of the eddy, at 40 m depth and 75 m depth, and on the periphery, between 50 and 80 m depth (Figure 9b) show indications of high susceptibility to salt fingering. The high vertical resolution of the glider measurements (1-2 m) should more accurately highlight the regions prone to present double-diffusive processes. Below the mixed layer, however, very few data points show Turner angles superior to 458 or inferior to 2458 (Figures 10e and 10f) . Moreover, double-diffusive interleaving can be affected by the baroclinicity of the flow.
May and Kelley (1997) compared intrusions slopes with cross-front salinity and density gradients and argued that shear may either increase or decrease growth rates of double-diffusive instabilities. They defined a maximum slope for the interleaving layers above which the baroclinic instability likely suppress the effect of double diffusion,
where the subscripts x and z are the radial and vertical derivatives, respectively, and the overbar represent the background flow. The nondimensional quantity E z is defined as e z 52 12c f ð Þb S z = q z =q 0 ð Þwhere c f is the flux ratio for salt fingering (c f 5 0.7, McDougall & Ruddick, 1992) . Using the two typical T/S profiles defined section 3.4.2 for the water masses inside and outside of the eddy (Figure 4 ) to derive the salinity and density gradients of the background flow, the maximum slope is s max 5 3 10 24 . The observed features slope more steeply (5 3 10 24 to 5 3 10 23 ) than theoretical predictions and observations for growing thermohaline intrusions (May & Kelley, 1997) , therefore, even though double-diffusive processes could be active in the layering region, their growth is probably halted. 
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Diapycnal mixing in the ocean interior is often associated with breaking of internal waves. Anticyclonic eddies are also known to concentrate near-inertial motions with slightly subinertial frequencies that can play an important role in vertical mixing (e.g., Alford et al., 2016) . Negative vorticity in an anticyclone locally broaden the internal wave band by shifting the lower bound of the internal wave from the local planetary frequency (f) to an effective frequency f eff 5 f 1 f/2 (e.g., Kunze, 1985) . Vertical waves propagating into a region of f eff < f become superinertial and the internal wave energy density is reduced compared to the f region. In contrast, in a region with f eff > f, the spectrum is narrowed, energy density increases and the energy propagation slows down. Anticyclonic eddies are associated with a negative vorticity and show a f eff < f in their core (which equals to f/f < 0, Figure 5a) , however, in the transition outward from the velocity maximum toward the (stagnant) background flow a f > 0 is created ( Figure  5a ) and as such f eff > f and trapping of waves is possible with high vertical velocity shear and a subsequent impact on turbulent diffusion (Byun et al., 2010; Halle & Pinkel, 2003; Kawaguchi et al., 2016; Ledwell et al., 2008; Lee & Niiler, 1998) . In addition, expending on the work by Whitt and Thomas (2013) , Joyce et al. (2013) showed how NIW within a baroclinic vortex can achieve minimum frequency even below f eff . The minimum inertial frequency can be reduced to f min 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi f 2 eff 2f 2 Ri 21 q where the baroclinicity of the flow is expressed through the Richardson number. Regions of reduced Ri can allow a trapping mechanism for NIWs that can lead to the generation of critical layers, wave breaking, and enhanced mixing as shown for Warm Core eddies (Joyce et al., 2013) . Using the direct observation of velocity available from the moored ADCP, that only sampled the first 100 m of the water column, the NIW energy, expressed here as the velocity magnitude in the NIW frequency spectrum (0.8f to 1.2f), was estimated ( Figure 12 ). We found energy peaks at the edges of the eddy and which reached below the mixed layer at the downwind edges of the eddy and lasted for more than 14 days (20 February to 5 March). Inspecting the wind time series (Figure 2a ) no related wind variability was found although the wind varies with a period of 13 days with at least four relatively high wind events (10 m/s) observed during the passing of the eddy by the mooring site. Moreover, the eddy core below the mixed layer was free of NIW. These findings are in agreement with other studies (Halle & Pinkel, 2003; Kawaguchi et al., 2016; Sheen et al., 2015) and explained by the rapid vertical propagation of NIW through the low PV core. The values of Ri(O(1-10)) observed at the eddy periphery suggest that the trapping and breaking of NIW is possible and could play a role in the mixing of properties in those regions. In fact, Karstensen et al. (2017) analyzed high-resolution ship based velocity data and CTD based stratification profiles from a SCV in the eastern tropical North Atlantic in many respects comparable to the one discussed here. They reported on dynamical features consistent with the vertical propagation of NIW at the outer rim of the SCV, but also at the mixed layer base, creating gradient Richardson numbers that indicate the existence of critical shear driven mixing. The NIW showed wave length similar to the intrusions we observed and since layering is known to occur favorably in regions where diffusion is increased, the presence of near-inertial critical layers at the periphery of the eddy would corroborate that this region is conducive to small-scale intrusions. However, further targeted observational studies would be required to verify this hypothesis.
Conclusions
Direct observations of a SCV originating from the coast of Mauritania were acquired in the eastern North Atlantic in February and March 2010 by two different observing platforms: a mooring and a glider, about 100 km and 1 month apart, both revealed the complex structure of the eddy. The eddy by chance crossed the mooring with its center and thus a unique time series of stratification and direct velocity measurements (upper 100 m only) have been acquired. Mooring and glider data, along with satellite observations of SLA, surface winds, and chlorophyll surface concentration, allowed us to provide a detailed picture of the eddy as well as highlight elusive features that define SCVs in the open ocean. 
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Our in situ observations reveal a well-isolated core with a very low PV and homogenous T/S properties of SACW origin typically found in the undercurrent along the eastern boundary upwelling region. The SCV core also showed very low oxygen concentrations as has been reported before for this SCV (Karstensen et al., 2015) and other SCVs in the region (Karstensen et al., 2017; Sch€ utte et al., 2016b) . Inspecting ocean color derived chlorophyll satellite images indicates the high productivity inside and around the eddy core which in turn suggests upwelling of nutrient-rich water.
The SCV had a radius of 50 km and a maximum rotational speed of 0.4 m s 21 at 80 m depth. The vortex characteristic Burger number was 0.2 and the vortex Rossby number 0.15, suggesting a balanced flat lens eddy. Note that the vorticity locally reached a maximum of 0.3 f. Above the low PV core the isopycnals were dome-shaped and below they were bowl-shaped. The eddy influence can be observed up to at least 1,000 m depth. On the rim of this eddy fine scale variability was highlighted with features presenting horizontal scales (O(10 km)) and vertical extensions of tens of meters. In particular, the glider observations revealed relatively salty and oxygenated features between 100 and 350 m depth.
The fine scale variability on the periphery along with the patchiness of the surface chlorophyll concentration lead us to investigate a number of destabilizing processes that could lead to submesoscale vertical variability that may ultimately supply nutrient transport into the euphotic zone. First, symmetric instability can drive radial secondary circulations in anticyclonic eddies (Brannigan, 2016) . Localized regions where the PV was very low, and even negative, in the surface layer suggest a susceptibility of the flow to this instability that could be responsible for the upwelling of nutrient in the mixed layer around the eddy, which would be consistent with the observed chlorophyll concentration on the surface. However, below the mixed layer the eddy is mostly symmetrically stable which indicates that another process must drive the small-scale variability in salt and oxygen. Second, differential stirring by 3-D turbulence along sloping isopycnals of existing large scale gradients can drive a cascade of variance toward small scale and generate layering in the vertical with scales similar to the one observed around the eddy (Meunier et al., 2015) . The saline and oxygenated intrusions sloping toward the center of the eddy in subsurface could thus be the signature of interleavings that may play a role in the long-term decay of the eddy.
The lateral stirring of T/S properties around the eddy might make the flow susceptible to secondary instabilities that can trigger diapycnal mixing. In particular, double-diffusive instabilities can appear along T/S filaments. However, as the slope of the interleaving layers indicates, the baroclinic character of the SCV would tend to inhibit this process. Furthermore, SCVs are baroclinic anticyclonic eddies with a negative relative vorticity in the core and positive vorticity at the rim. The modification of the planetary vorticity felt by nearinertial gravity wave (NIGW) has been shown to favor their trapping. Wind driven near-inertial motions are very likely to occur in the vicinity of eddied such as this one and they would enhance mixing in particular in regions where the baroclinicity is important (Halle & Pinkel, 2003; Kawaguchi et al., 2016) . As such we expect that on the rim of the eddy vertical mixing would be strong and favor vertical fluxes (Karstensen et al., 2017) .
Here we showed that the dynamics of the eddy would allow several types of processes to be at work. In particular, through the careful observation of the diverse data sets we conclude that isopycnal eddy stirring can explain the observed thermohaline filaments on the rim where enhanced mixing, that could be due to NIW induced shear and eventually breaking, should also play a role. In the highly energetic environment surrounding a mesoscale eddy, it is likely that many processes are competing. Note that the observed variability could also be the remnant of former advective events that would not have been diffused yet. Progress toward identifying and discriminating definitely between the processes able to generate such smallscale filamentation in an SCV would require investigation in a full 3-D framework through dedicated observation campaigns and high-resolution modeling to provide a better understanding of the physical and biogeochemical coupling.
